A common single-nucleotide polymorphism in the brain-derived neurotrophic factor (BDNF) gene, a methionine (Met) substitution for valine (Val) at codon 66 (Val66Met), is associated with alterations in brain anatomy and memory, but its relevance to clinical disorders is unclear. We generated a variant BDNF mouse (BDNF Met/Met ) that reproduces the phenotypic hallmarks in humans with the variant allele. BDNF Met was expressed in brain at normal levels, but its secretion from neurons was defective. When placed in stressful settings, BDNF Met/Met mice exhibited increased anxiety-related behaviors that were not normalized by the antidepressant, fluoxetine. A variant BDNF may thus play a key role in genetic predispositions to anxiety and depressive disorders.
region that encompasses the Met substitution (7) . However, fundamental questions remain as to how these in vitro effects relate to the in vivo consequences of this SNP in humans.
To generate a transgenic mouse in which BDNF Met is endogenously expressed, we designed a BDNF Met knock-in allele in which transcription of BDNF Met is regulated by endogenous BDNF promoters (Fig. 1, A and B) . Heterozygous BDNF +/Met mice were intercrossed to yield BDNF +/+ , BDNF +/Met , and BDNF Met/Met offspring at Mendelian rates. Brain lysates from BDNF +/Met and BDNF Met/Met mice showed comparable levels of BDNF as that of wild-type (WT) controls (Fig. 1C) .
To assess whether there were global or selective defects in BDNF Met secretion, hippocampalcortical neurons were obtained from BDNF Met/Met , BDNF +/Met , and WT embryos. Secretion studies were performed, and BDNF in the resultant media was measured by enzyme-linked immunosorbent assay (ELISA). There was no difference in constitutive secretion from either BDNF +/Met or BDNF Met/Met neurons (Fig. 1C) . We observed a significant decrease in regulated secretion from both BDNF +/Met (18 ± 2% decrease, P < 0.01) and BDNF Met/Met (29 ± 3% decrease, P < 0.01) neurons (Fig. 1C) . As the majority of BDNF is released from the regulated secretory pathway in neurons (9) , impaired regulated secretion (29 ± 3%) from BDNF Met/Met neurons represents a significant decrease in available BDNF.
We first assessed an alteration associated with the Met allele in humans: decreased hippocampal volume (3, 4, 10) . BDNF Met mice were histologically prepared for stereologic hippocampal volume estimation from Nissl-stained sections. Using Cavalieri volume estimation, we detected a significant decrease in hippocampal volume of 13.7 ± 0.7% and 14.4 ± 0.7% for BDNF +/Met or BDNF Met/Met mice, respectively, as compared with WT mice (Fig.  2A ). This volume decrease was also comparable to the 13.8 ± 0.6% decrease in the heterozygous BDNF knock-out (BDNF +/− ) mice ( Fig. 2A) . We also measured striatal volume, because in human studies this structure has not been reported to be altered by the BDNF Met polymorphism (2,3), and we found no alteration in mouse striatal volumes across genotype ( fig. S1 ).
Because secreted BDNF regulates neuronal differentiation, the decreased volume in BDNF Met mice may be accounted for by altered neuronal morphology. We used Golgi staining to visualize individual dentate gyrus neurons. At 8 weeks of age, there was no difference in cell soma area between BDNF +/Met and BDNF Met/Met mice and their WT controls ( fig. S2 ). Next, we analyzed dendritic complexity in these same neurons (Fig. 2B) . Sholl analysis revealed a decrease in dendritic arbor complexity at 90 μM and greater distances from the soma in BDNF +/Met and BDNF Met/Met mice (Fig. 2C) . We also used fractal dimension analysis to quantify how completely a neuron fills its dendritic field (11) . There was a significant decrease in dendritic complexity in dentate gyrus neurons from BDNF +/Met and BDNF Met/Met mice ( fig.  S3 ).
In humans, the other major alteration associated with the BDNF Met allele is impairment in hippocampus-dependent memory. We performed a test that selectively assesses hippocampusand amygdala-dependent learning: fear conditioning. BDNF +/Met and BDNF Met/Met mice showed significantly less context-dependent memory than WT mice (Fig. 2D ). In contrast, there was no difference in cue-dependent fear conditioning (Fig. 2E ). Of note, prior studies of BDNF +/− mice also showed a deficit in contextual fear learning and no alteration in cuedependent learning (12) . The degree of memory impairment was related to the number of alleles of BDNF Met (Fig. 2D) . BDNF Met/Met mice displayed other behavioral abnormalities similar to BDNF +/− mice (15), such as intermale aggressiveness ( fig. S4 ). BDNF Met/Met mice also displayed elevated body weight, which was first evident at 2 months of age, similar to BDNF +/− mice (15) (fig. S5 ). Although other BDNF knockout (KO) mice with >50% decrease in BDNF levels previously exhibited increased locomotor activity (13, 14) , BDNF +/− (15), BDNF +/Met , and BDNF Met/Met mice (figs. S6 and S7B) had no significant alterations in locomotor activity, which suggests a potential BDNF dose-related effect on activity.
BDNF has also been shown to regulate stress and anxiety-related behaviors. Acute or chronic stress leads to decreased BDNF expression in the hippocampus, with subsequent enhancement of anxiety-related behaviors (16) . In addition, conditional BDNF KO mice exhibit enhanced avoidance of aversive settings (13) . In this context, we focused on adult BDNF Met mice and performed two standard measures of anxiety-like behavior that place subjects in conflict situations. In comparison with littermate WT control mice, BDNF Met/Met mice had decreased exploratory behavior as demonstrated by a reduction in the percentage of time spent in the center compartment (Fig. 3A) and the number of entries into the center compartment (Fig. 3B) in the open-field test. BDNF Met/Met mice also exhibited, in the elevated plus maze test, a significant decrease in the percentage of time spent in open arms (Fig. 3C ) and a significant reduction in the percentage of entries into open arms (Fig. 3D) . In both tests, there were no significant differences in total distance traveled or the number of entries into enclosed arms between groups ( fig. S7, A and B) . In both of these tests, heterozygous BDNF +/Met mice did not display increases in anxiety-related behaviors ( fig. S8 ). BDNF +/− mice also displayed increased anxiety-related behaviors in these two tests, similar in effect size to BDNF Met/Met mice (Fig. 3) .
A common treatment for anxiety in humans are serotonin reuptake inhibitors (SSRIs), for which one postulated mechanism of action involves increasing BDNF levels (17) . In rodents, this class of drugs increases hippocampal BDNF levels in a time frame corresponding to the onset of SSRI action (18) and is effective in decreasing anxiety-related behaviors in rodent models of mood disorders (19) . BDNF Met/Met mice were treated orally with fluoxetine (18 mg/kg of body weight per day) or vehicle for 21 days before assessment in two tests: open field and novelty-induced hypophagia. This dosing regimen was based on prior studies showing that this dose led to a therapeutic serum levels (19) . In the open-field test, fluoxetine led to a significant increase in time spent in the center for WT mice (Fig. 4A) , as well as to an increase in entries into the center ( fig. S9 ), which indicated its effectiveness in decreasing anxiety-related behaviors. However, there was a blunted response to fluoxetine in BDNF Met/Met mice, with respect to time spent in the center (Fig. 4A) , as well as entries into the center ( fig. S9) . Furthermore, the reduction in exploration could not be explained by changes in locomotor activity ( fig. S7A ).
We used a specific behavioral paradigm for anxiety-related behavior, novelty-induced hypophagia, which has been suggested to be a more sensitive test of SSRI response (20, 21) . In this conflict test, mice are trained to approach a reward (sweetened milk) in their home cage and then placed in a novel brightly lit cage. The latency to approach and drink the sweetened milk is a measure of the anxiety-related behavior associated with this task (20) . BDNF Met/Met mice treated with vehicle had a significantly greater latency to drink in the novel cage as compared with WT controls (Fig. 4B) . Treatment with long-term fluoxetine did not significantly decrease the latency to drink in BDNF Met/Met mice, as in WT littermate mice treated in parallel with long-term fluoxetine (Fig. 4B) . In both of these assays, BDNF +/− mice displayed similar diminished response to fluoxetine as compared with their WT controls (Fig.  4, A and B) .
These results provide an example of a human SNP that has been modeled in transgenic mice that reproduce the same phenotypic hallmarks observed in Caucasian populations. Our subsequent analyses of these mice elucidated a phenotype that had not been established in human carriers: increased anxiety. When placed in conflict settings, BDNF Met/Met mice display increased anxiety-related behaviors in three separate tests and thus provide a genetic link between BDNF and anxiety. Genetic association studies have found that the Met allele has been associated with increased trait anxiety (22) , but other studies have not replicated these findings (23) (24) (25) . Two main differences in our study design led to discerning this anxietyrelated phenotype. First, mice were subjected to conflict tests to elicit the increased anxietyrelated behavior, whereas human studies relied on questionnaires. Second, the anxiety-related phenotype was only present in mice homozygous for the Met allele, which suggested that association studies that focused primarily on humans heterozygous for the Met allele may not detect an association. In this context, another human genetic polymorphism in the serotonin transporter (5HTLPR) was associated with depression only in homozygote subjects with past trauma histories (26) , which suggested that environmental influences, as well as gene dosage, were required for this SNP to influence psychiatric pathology.
The form of anxiety elicited in these BDNF Met/Met mice was not responsive to a common SSRI. It has previously been shown in conditional BDNF KO mice that there is altered expression or function of serotonin receptors (27) (28) (29) . These results suggest that humans with this allele may not have optimal responses to this class of antidepressants. Currently, there are no reliable genetic or nongenetic biomarkers to predict who will respond to an SSRI. The transgenic BDNF Met/Met mouse may serve as a valuable model to identify novel pharmacologic approaches to treating anxiety disorders.
Finally, the BDNF Met/Met mouse represents a unique model that directly links activitydependent release of BDNF to a defined set of in vivo consequences. In these mice, BDNF Met expression is equivalent to that of BDNF expression in WT controls (Fig. 1C) , but there is an ~30% deficit in activity-dependent release of BDNF Met from neurons (Fig. 1D) , that contributes to a specific set of anatomical and behavioral deficits. Because BDNF Met/Met mice are similar to BDNF +/− mice in that they have BDNF levels that are lower by 50%, it is possible that there is a threshold level of lowered BDNF that is crossed by both mutant mice. It also remains possible that there are additional defects in BDNF Met processing that may contribute to the observed deficits, although in vitro studies in neurons suggest no defect in BDNF Met processing (6, 8) . In all, these findings indicate a new direction in therapeutic strategies to rescue anxiety symptoms in humans with this polymorphic allele. Drug discovery strategies to increase BDNF release from synapses or to prolong the half life of secreted BDNF may improve therapeutic responses for humans with this common BDNF polymorphism. , and WT (+/+) pups were cultured. After 72 hours, media were collected under depolarization (regulated) or basal (constitutive) secretion conditions as described previously (10) . Media were then concentrated and analyzed by BDNF ELISA. (*P < 0.05, **P < 0.01, Student's t test). The percentage of time spent freezing in each session was quantified. All results are presented as means ± SEM determined from analysis of eight mice per genotype (*P < 0.05, **P < 0.01, Student's t test). In the novelty-induced hypophagia test, latency to begin drinking in a novel cage in the absence (H 2 O) or presence of fluoxetine (drug) treatment is shown in seconds. All results are presented as means ± SEM determined from analysis of eight mice per genotype (*P < 0.05, **P < 0.01).
